Abstract-In this study, we aim at developing a mechanical device to support human rehabilitation motion of their wrist joint instead of a physiotherapist. Pneumatic parallel manipulator is introduced as a mechanical equipment from a view that pneumatic actuators bring minute force control property owing to the air compressibility and parallel manipulator's feature of multiple degrees of freedom is suitable for the complex motion of human wrist joint. To cope with the shortage of physiotherapist, we propose a method to acquire P.T.'s rehabilitation motion and implement it for a patient using the equipment. The validity of the proposed system is confirmed through some experiments.
I. INTRODUCTION
According to a Japan physical therapy white paper in 2005 [1] , there are currently about 12,000 of rehabilitation facilities and 35,000 of physiotherapist (P.T. hereafter). Some people guess that at least 80,000 of P.T. are required to be distributed evenly at all of these rehabilitation facilities. An introduction of robot technology is expected to cope with the shortage of nursing labors in a medical/welfare fields and some rehabilitation equipments have been developed up to now [2] [3] [4] [5] .
In this study, we focus on a rehabilitation motion of human wrist joint and aim at developing a mechanical equipment to support a rehabilitation training instead of P.T.
A pneumatic parallel manipulator is introduced from a view that it has sufficient 6 D.O.F. to correspond to complex wrist motion and has backdriveability resulted from air compressibility, which works as safety function. Fig.1 shows a target rehabilitation system in our study. A mechanical system like a robot is standing between a patient and a P.T. . The narrows in the figure show each function and are described in the Table 1. In the former work, as a function of B, we implemented a basic rehabilitation such as an isometric, an isotonic and an isokinetic exercise of wrist joint using an impedance control [7] . And also as a function of C,D,E, we proposed a strategy to display graphically a mechanical property of patient's wrist joint using an on-line least square method with an OpenGL library [8] .
In this study, we focus on a rehabilitation motion itself implemented by a P.T. and consider that the motion reflects the P.T.'s know-how. In the mean while, rehabilitation training itself is generally repeating motion for relatively a long A Acquisition of training motion of P.T. B Implementation of the acquired motion for patient C Measurement of property of patient's wrist D Display the measured property for P.T. E Display the measured property for patient F Generation of training motion based on the measurement time period. Therefore we propose a strategy to make a manipulator acquire a P.T.'s rehabilitation motion by making a manipulator stand between a patient and a P.T. during an actual rehabilitation execution and then implement the acquired motion for a patient instead of P.T. . Consequently a P.T. can treat another patient during the implementation by a manipulator, which contribute to cope with shortage of P.T.. In Japan, medical service under health insurance was limited to 180 days. Using the manipulator with a above proposed scheme, patients can continue the training even in their home.
In this study, we also propose a scheme to make the manipulator behave as a physical model of a patient in order to be applied as a P.T.'s training machine. The validity of the proposed system are confirmed through some experiments.
II. DEVELOPED MECHANICAL EQUIPMENT FOR WRIST

REHABILITATION
A pneumatic parallel manipulator shown in Fig.2 (a) is introduced as a wrist rehabilitation equipment. 6 pneumatic cylinders are employed as driving actuators to form so called Stewart type platform [6] . T using roll-pitch-yaw angle notation. The origin of hand coordinate frame h is set at a center point of upper platform of a manipulator, which is the same with that of the wrist joint. A patient put their forearm above the upper platform along with x axis of manipulator and train rehabilitation exercise by holding a jig mechanically attached with a 6-axis force/moment sensor equipped on an upper platform.
Similarly a link vector is defined as
T with an element of a displacement of each piston rod.
Force/moment vector at an origin of h is defined as
T and it is calculated using a force/moment measured by a force/moment sensor
, where R[3 × 3] and P h is a rotation matrix calculated based on the orientation of an upper platform φ, θ, ψ and a position vector between center point of a wrist joint(origin of h) and a force/moment sensor, respectively.
In the mean while, the equivalent force vector acts on a piston rod f e satisfy the following relation from a principle of a virtual work. , where J is a Jacobi matrix which forms the next relation. Table 2 (a) shows the moving area of a manipulator, where the number in a parenthesis is a ratio for human working range. For the direction except the supination/pronation, the moving area of manipulator covers that of human completely. In the mean while, maximum generation force with supply pressure of 400 kPa for each axis is also represented in Table  2 (b). Fig.3 shows a pneumatic driving circuit. A low friction type pneumatic cylinders (Airpel Co. Ltd., 9.3 mm in internal diameter, 150 mm in rod stroke) are employed. The pressure in each cylinder's chamber, p 1 , p 2 are detected by a pressure sensor and the displacement of a piston rod is measured by a wire type rotary encoder(0.025mm in resolution).
A control signal u corresponds to the driving voltage of a pressure control type servo valve, which regulates the head side pressure. Supply pressure for the valve p s is set to be 400 kPa and the rod side pressure is kept constant of 200 kPa. A control system is implemented under RT-Linux with 5 ms of sampling interval.
The state equations of pressure in cylinder's chambers are linearized as the following equation.
T p dp 
III. ACQUISITION OF P.T.'S REHABILITATION MOTION Fig.4 shows the aspect of actual wrist rehabilitation. Hearing from P.T., they touch a patient's wrist bones by their thumb to confirm the wrist bones exist at a correct position and touch patient's forearm by their left hand to detect whether muscle strain happens or not during a rehabilitation motion. Thus it is required not to destroy the relative positioning relation between a patient and a P.T. as shown in Fig.4 when a manipulator acquires a rehabilitation motion during training. In order to keep this restriction, we developed a pair of tools to mount on the upper platform as shown in Fig.2(a) . A P.T. and a patient face each other and put their palms into the tools of red and blue, respectively as shown in Fig.5 . Since the tools just fix their palm to the manipulator, the fingers of P.T. and the surrounding of the wrist bones of a patient are not restricted, which allow the natural manner of training as shown in Fig.4 even though a manipulator stands between a P.T. and a patient. Fig.6 shows the schematic diagram of a manipulator, where a tool for a patient is mechanically attached on the force/moment sensor while that for a P.T. is directly mounted on the upper platform of a manipulator. If the manipulator is controlled so that its dynamics may be small enough to be neglected, then a P.T. feels just only the reaction force from a patient. In order to realize such a function, a position based impedance control system shown in Fig.7 is constructed. A disturbance observer is introduced at mechanical part P k (s). From a principle of virtual work as shown in Eq.(2), the total of a force/moment applied by a patient F h and that by a P.T. F pt works equivalently on a piston rod and they are obtained as J T D(s) since the equivalent force acting on a piston rod is estimated as D(s). Employing a damping control(I mp (s) = B t s in Fig.7) , the closed loop relation is described as
,where B t and G r (s) are the coefficient of viscosity and the closed loop transfer function of an inner position control loop. Eq. (6) shows that a P.T. feels not only a reaction force from a patient but dynamics of a manipulator. The coefficient of viscosity B t is set enough small so that a P.T. may feel just only the reaction force from a patient and, in this time, the force/moment applied by P.T. as follows.
IV. EXPERIMENTAL RESULTS Fig.8 shows the result of implementation of the previously acquired rehabilitation motion for φ direction, where (a) and (b) correspond to the torque response and the displacement, respectively. In the figure (a), P.T. implement a rehabilitation motion for 10 sec as shown in the red line. It can be seen that 3 times repeating motion is implemented. These repetition motion is, in generally, one of rehabilitation technique for the patient holding strong wrist contracture. Not only these kind of rehabilitation technique but also the maximum value or the velocity of the applied torque are generated by P.T. based on their professional knowledge . The blue line shows the reaction torque of a patient under the force control condition after motion acquisition. It can be confirmed that the reaction torque of patient agrees well with its reference. A patient can execute the rehabilitation training repeatedly optimal for their current wrist property as if being applied by an actual P.T..
A. 1 axis rehabilitation training
B. Simultaneous 2 axes rehabilitation training
As shown in Fig.9 , human wrist joint is composed with a pair of elliptic joint bones and they are filled with bone liquid as a role of lubrication. According to P.T., it is important to implement rehabilitation motion around wrist joint while applying a constant tension force along the direction of forearm in order to prevent a friction between joint bones. Fig.10 shows the experimental results corresponding to these demands. Figure (a) , (b) correspond to the force for x direction and torque around φ, respectively and (c), (d) show the displacement for each axis. The reference torque for φ axis is confirmed to be well reappeared even though a tension force is simultaneously applied for x axis. Possibility of these multiple D.O.F. rehabilitation motion is one of the remarkable feature of our parallel link type equipment.
C. realization of training simulator for P.T.
Focusing on the relation between the applied force/moment by a P.T. and the displacement of patient's wrist joint, the mechanical property of the patient's wrist joint can be estimated during the execution of rehabilitation motion. Such a estimating function is also available for the quantitative diagnosis. Moreover it is relatively easy to realize such a mechanical property on the manipulator since our manipulator employs an impedance control system. Consequently we can make a manipulator behave as a physical model of the patient's wrist joint, which can be utilized as a training simulator for P.T. or its candidate.
The red line in Fig.11 shows the relation between an applied torque by P.T. and a rotational angle around φ axis, where the gradient of tangent corresponds to the stiffness. A stiffness is gradually changed to be large from (a) to (c) by restricting a virtual patient's wrist joint mechanically. The blue line in the figure is the approximation of the wrist property using off-line least square method with a second order system as shown in Eq.(8) [9] .
The green line in the figure shows the relation between applied torque by P.T. and rotational angle of a manipulator under the condition the property shown in Eq. (8) is realized on a manipulator, concretely the impedance model block in Fig.7 is set as I mp = g(φ) . Through the figures, it can be seen that a manipulator behave as a physical model of a patient's wrist joint for the different stiffness case, which indicate the feasibility as a training simulator for P.T..
V. CONCLUSION
In this study, a pneumatic parallel manipulator is introduced as a mechanical equipment for a rehabilitation of human wrist joint from a view point of its feature, such as, multiple degrees of freedom suitable for complex wrist motion and safety property due to the air compressibility. We proposed a strategy to acquire a rehabilitation motion of P.T. without destroying the ordinal rehabilitation manner between P.T. and patient and implement the acquired motion to a patient to cope with the shortage of total number of P.T.. Moreover we showed the feasibility of the manipulator as training simulator for P.T. by making manipulator behave as physical model of patient's wrist joint. The validity for the basic concept of these proposed control strategies were confirmed through some experiments. The concrete evaluation at the rehabilitation facilities are the matter to be settled at present. (c) stiffness level:high 
